High-resolution x-ray powder-diffraction experiments were performed on europium metal at high pressure up to 50 GPa. At variance with previous reports, the hcp phase of Eu was observed to be stable not only to 18 GPa, but to 31.5 GPa. At 31.5(5) GPa, europium transforms to a phase (Eu-IV) with an incommensurately modulated monoclinic crystal structure with superspace group C2=cðq 1 0q 3 Þ00. This new phase was observed to be stable to $37:0 GPa, where another phase transition was observed. Eu-IV is the first phase in the lanthanide elements with an incommensurate crystal structure. Because of its half-filled 4f 7 electron shell, europium is a divalent metal at ordinary conditions and, therefore, unlike the majority of the lanthanide elements, which are trivalent. As a result, Eu has a significantly larger atomic volume at ambient pressure, and a larger compressibility, than the neighboring lanthanides [1, 2] , and the highpressure phase transitions of Eu are also different from those observed in the trivalent lanthanides [1] [2] [3] .
In the x-ray diffraction study by Takemura and Syassen [2] , Eu was observed to transform from its ambientpressure body-centered cubic (bcc) phase to hexagonal close-packed (hcp) near 12.5 GPa, a transition that also occurs in divalent barium [4] . At pressures exceeding 18 GPa, the same authors observed the appearance of several diffraction lines in addition to those from the hcp phase. This was attributed to a transition to a new phase, Eu-III, with a structure thought to be closely related to hcp, possibly based on a large supercell. The additional weak reflections were also observed in a subsequent study by Krüger et al. [5] , who reported further changes in the diffraction patterns of Eu above 32 GPa, but little effort was made over the following two decades to determine the crystal structures of Eu at high pressure.
Interest in the high-pressure behavior of Eu has been rekindled only very recently by the discovery of superconductivity in Eu above 80 GPa, with a critical temperature of T c % 1:8 K [6] . In an x-ray diffraction study to 92 GPa, supported by ab initio structure prediction calculations, Bi et al. [7] confirmed the appearance of additional reflections above 18 GPa and concluded that two regions of phase mixture exist from 18 to 66 GPa: A mixture of hcp and a monoclinic phase from 18 to $35 GPa and a mixture of the same monoclinic phase and an orthorhombic phase from $35 to 66 GPa. The phase with the orthorhombic crystal structure was reported to be stable up to at least 92 GPa.
However, we have recently shown that the changes at $18 GPa are in fact due to the appearance of diffraction peaks from a rhombohedral contaminant phase, and not due to a transition in Eu itself [8] . This raises concerns about the above structure assignments, and leaves us in a situation, where-50 years after the first high-pressure studies on Eu-we are lacking a basic understanding of the crystal structures of this element at pressures as low as 35 GPa. In view of this, we have made an effort to obtain contaminant-free samples of Eu at high pressure and to perform powder x-ray diffraction experiments with very high angular resolution up to a pressure of 50 GPa. We confirm that there is no phase transition in Eu at 18 GPa, and that Eu remains in the hcp phase up to $31:5 GPa, at which point it transforms to a phase (Eu-IV) with a complex, incommensurately modulated monoclinic crystal structure. This structure is unique among all of the elemental modulated high-pressure structures in that it has a two-dimensional modulation, and it is the first incommensurate structure to be observed in the lanthanide elements.
High-purity Eu samples, supplied by U. Schwarz at the Max-Planck-Institut für Chemische Physik fester Stoffe in Dresden, were loaded into diamond-anvil pressure cells equipped with rhenium gaskets in a dry argon atmosphere (< 0:1 ppm O 2 and <0:1 ppm H 2 O). Due to the history of contamination issues, and because we had observed Eu to discolor even in the argon atmosphere of well-maintained glove boxes, we loaded Eu samples without a pressuretransmitting medium and without a pressure marker, in order to minimize the chances of contamination. The pressure was determined from the position of one or two sample Bragg reflections, using a calibration obtained from high-pressure diffraction experiments on two samples that were loaded with helium as a pressure-transmitting medium and where the pressure was determined with the standard ruby fluorescence method [9] .
Angle-dispersive x-ray powder diffraction data were collected on station ID09a at the European Synchrotron Radiation Facility (ESRF), Grenoble, using a beam of monochromatic x rays of wavelength 0.4161 Å collimated
week ending 31 AUGUST 2012 0031-9007=12=109(9)=095503 (5) 095503-1 Ó 2012 American Physical Society to a diameter of 15 m. The data were collected using a mar555 area detector placed either 300 mm, or, in order to improve the angular resolution of the very complex diffraction patterns, 510 mm from the sample. Additional experiments were performed on beam line I15 of the Diamond Light Source, UK, using an x-ray wavelength of 0.338 Å and a mar345 image plate detector. The diffraction patterns were integrated using Fit2D [10, 11] and analyzed using the Rietveld method with the JANA2006 software [12] . Once the Eu-IV structure was solved, we were also able to fit the numerous diffraction patterns collected from over 10 different samples both at the ESRF and at the former Synchrotron Radiation Source (SRS), Daresbury-including those where helium was used as a pressure transmitting medium (but all of these samples showed additional contaminant peaks [8] ). We observed the bcc-hcp transition in Eu at 12.5 GPa on pressure increase, in excellent agreement with previous studies [2, 5, 7] . On further pressure increase, no transition was observed at 18 GPa. Rather, Eu remained in the hcp phase up to a pressure of 31.5 GPa, above which significant changes in the diffraction profiles were observed. This is illustrated in Fig. 1 (a), which shows the diffraction patterns of Eu at 30.6 GPa in the hcp phase and at 33.9 GPa after the transition. Note that, unlike in previous studies, the 30.6-GPa pattern comprises only peaks from the hcp phase, and no other. The transition to the new phase, Eu-IV, has been observed in all of our samples that were compressed to above 31.5 GPa.
Two distinct changes were observed in the diffraction patterns at the transition from hcp to Eu-IV. Firstly, our high-resolution data enabled us to observe the splitting of many of the hcp reflections into doublets or triplets, which were not resolved in previous studies. In particular, the intense hcp (101) reflection splits into a triplet, as shown in Fig. 1(d) . Secondly, we observed the appearance of more than 30 additional weak reflections, as illustrated in Fig. 1(b) .
The splitting of the hcp reflections suggests a transition to a distorted-hcp structure. We first considered the crystal structure with space group Pnma (oP4 in the Pearson notation) proposed by Bi et al. for pressures above 35 GPa [7] , as this corresponds to an orthorhombic distortion of the hcp structure. However, we found the overall fit to the split-hcp peaks to be poor. Crucially, the oP4 structure does not account for the splitting of the hcp (101) reflection into a triplet. It also cannot account for the large number of weak reflections that appear at 31.5 GPa.
However, an excellent description of the split-hcp reflections was obtained with a monoclinic unit cell. Analysis of the systematic absences showed that all the split-hcp reflections could be indexed based on a structure with space group C2=c and 4 atoms per unit cell (denoted mC4 in the Pearson notation) with the atoms in the 4e positions at (0, y, In Fig. 1 , the positions of the mC4 reflections are shown by tick marks for the patterns recorded at P > 31:5 GPa. It is clear from Fig. 1(d) that the mC4 structure correctly accounts for the triplet splitting of the hcp (101) reflection highlighted above. However, it must be stressed that although this structure can account for all the split-hcp reflections, it does not explain any of the additional weak reflections [ Fig. 1(b) ].
Our attempts to index these weak peaks as a separate phase were unsuccessful. We therefore considered the possibility of indexing them using a superlattice of the mC4 structure. We noticed, however, that several of the weak additional reflections move to lower angles (longer d-spacings) with increasing pressure, whereas all of the split-hcp peaks move to higher angles (smaller d-spacings). One such peak is PRL Fig. 1(c) . This, combined with the absence of low-angle reflections that would be expected for a larger unit cell, suggested that the many weak additional peaks did not arise from a superstructure of the mC4 structure.
We then considered the possibility of an incommensurate structure, with the weak peaks being satellite reflections. The program SUPERCELL [13] was used to index the weak peaks, and we found them to be satellite reflections corresponding to a 2-dimensional modulation vector q ¼ ðq 1 ; 0; q 3 Þ, with q 1 % 0:8 and q 3 % 0:6. The resulting superspace group is C2=cðq 1 0q 3 Þ00 (i-mC4 in the Pearson notation, where 'i' indicates that the structure is incommensurate).
All of the Bragg peaks observed in the diffraction patterns from Eu above 31.5 GPa can be indexed using four Miller indices, (hklm), according to H ¼ ha Ã þ kb Ã þ lc Ã þ mq, where a Ã , b Ã , c Ã define the reciprocal lattice of the mC4 structure and q is the modulation vector. Only first-order (m ¼ AE1) satellite reflections have been observed. The displacement of an atom in the modulated structure from its average position is given by the modulation function uð x 4 Þ, where x 4 ¼ q Á r 0 is the fourth superspace component and r 0 is the position of the atom in the average (unmodulated) crystal structure [14] . Taking into account the superspace group symmetry [12] , and retaining only the first-order Fourier components, the modulation function for Eu-IV is then given by uð Figure 2 illustrates that a Rietveld refinement using the i-mC4 structure gives an excellent fit to the diffraction pattern from Eu at 33.9 GPa, with residuals of R p ¼ 2:5% and R wp ¼ 4:2%. The satellite reflections account for all of the large number of weak peaks that appear at 31.5 GPa, as illustrated in panel (c), including those that move to lower angles with increasing pressure, such as the ( 002 1 The i-mC4 structure of Eu-IV is the first incommensurately modulated crystal structure observed in the elements at high pressure in which the modulation vector is not in the direction of one of the lattice vectors. Figure 3 shows the unmodulated mC4 and the modulated i-mC4 structures in comparison. The very close relation to the hcp structure can clearly be seen in the views down the crystallographic c axis in Figs. 3(a) and 3(b) .
The i-mC4 structure provides an excellent fit to all patterns observed for Eu between 31.5 and 37 GPa. The pressure dependences of the lattice parameters, modulation wave vector and modulation amplitudes are given in the Supplemental Material [15] . In essence, both q 1 and q 3 were observed to decrease with increasing pressure between 32.4 and 37.0 GPa, and q 1 passes smoothly through q 1 ¼ 0:8 ¼ 4=5, which corresponds to a commensurate modulation in this direction. The modulation amplitudes (jB 1a j, A 1b , and B 1c ) were all found to increase with increasing pressure. In particular, B 1c increases from 0.034(3) to 0.055(8) over the 32.4-37.0 GPa pressure range. The increase in the modulation amplitudes entails an increase in the maximum atomic displacements, and as a consequence, the closest-contact distance in the i-mC4 structure decreases more rapidly with increasing pressure than it would in the hcp and the unmodulated mC4 structure [15] . Overall, this behavior is reminiscent of that of the incommensurately-modulated high-pressure phase phosphorus-IV [16] and different from that of incommensurately-modulated tellurium-III, where the closest-contact distances remain remarkably constant with increasing pressure [17] .
We would like to note that Krüger et al. [5] reported the appearance of additional peaks in the diffraction patterns of Eu above 32 GPa, and it appears likely that these were evidence of the phase transition to the incommensurate phase. The extra reflections observed in that study are in the correct positions to be the most intense satellite 
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095503-3 reflections of Eu-IV, but the limited resolution in this energy-dispersive x-ray diffraction study made it impossible to resolve the splitting of the hcp reflections and other details. Bundy and Dunn observed a step in the electrical resistance of Eu near 28 GPa at room temperature [18] , and this may also be related to the transition from hcp to the i-mC4 phase at 31.5 GPa.
Upon compression to above 37.0 GPa, we observed further changes in the diffraction profiles of Eu that indicate a transition to another new phase. The complexity of the diffraction patterns suggests that this phase may also have a modulated crystal structure, but this remains to be determined in detail.
It is highly desirable to identify the mechanism that leads to the formation of the incommensurate modulation in Eu-IV, presumably via strong electron-phonon coupling or extreme Kohn anomalies, but europium is well known to be among the elements that are the most difficult to treat in electronic structure calculations in the framework of density functional theory (DFT). The challenge is to describe the properties of the half-filled shell of relatively localized 4f electrons accurately. Treating the 4f states as regular valence states in the local density approximation leads to a significant overbinding: The calculated equilibrium volume is too small by 15% and 33% in the spin-polarized and the nonpolarized case, respectively, which is far more than the few percent typical in DFT calculations [19] .
In a recent computational search for the crystal structures of Eu metal at high pressure [7] , the 4f electrons were treated as core states, and the projector-augmented wave (PAW) method [20] was used together with the generalized gradient approximation (GGA); this reduced the underestimation of the equilibrium volume to slightly less than 10% for both the spin-polarized and the nonpolarized case. We used the same approach (as implemented in the ABINIT code [21] ) in an initial attempt to identify the origin of both the monoclinic distortion and the incommensurate modulation, but found the variation of the calculated axial ratio in the hcp phase, c=a, to be inconsistent with the experimental results (see the Supplemental Material [15] for details). For example, these calculations yielded c=a ¼ 1:34 at 20 GPa, which is much smaller than the experimental value of 1.56. Treating the 4f states as core states is therefore not an adequate approximation for modeling the properties of Eu metal at high pressure.
To test an alternative approach, we have also performed spin-polarized calculations in the generalized gradient approximation with additional treatment of on-site Coulomb repulsion for the 4f states, using the DFT þ U scheme [22] as implemented in the ''full-potential augmented planewave plus local orbital'' code, WIEN2K [15, 23] . This yielded a calculated equilibrium volume in good agreement with the experiment, i.e., 3% larger than the experimental value, which is typical for GGA-based DFT calculations. In addition, the calculated decrease in c=a with increasing pressure leveled off at 1.55, which is also in good agreement with the experiment. However, the calculation yields the rapid reduction in c=a only at a higher pressure (by $13 GPa) than observed experimentally. Overall, a better description of Eu at high pressure is obtained with the DFT þ U approach than by treating the 4f states as core states, but there is clearly a need for further improvement.
In future computational work, the possible pressuredependence of the effective on-site Coulomb repulsion [24] should be considered, but it may prove necessary to go beyond the DFT þ U scheme, with dynamical mean field theory (DMFT) being a possible alternative [25] . The accurate modeling of the electronic structure of Eu at high pressure remains a great challenge, and the present detailed experimental results on the structural evolution of Eu metal under pressure provide stringent tests for future work in this direction.
In summary, we have determined that Eu-IV, which is stable from 31.5 to 37 GPa, has an incommensurately modulated crystal structure, the first of this type to be observed in a lanthanide element. Eu-IV is also the first high-pressure incommensurate elemental structure in which the modulation vector is not in the direction of one of the crystallographic axes. Eu is well known to be challenging for DFT calculations. These experimental observations warrant new, dedicated electronic structure calculations aimed 
